responses when it comes to assigning motivational value to events that are intrinsically aversive or conditioned to be unpleasant.
INTRODUCTION
Dopamine (DA) neurons play a fundamental role in regulating learning and memory of behavioral responses that need to be stored and remembered in order to differentiate stimuli that are predictive of positive or threatening outcomes (Bromberg-Martin et al., 2010; Cohen et al., 2012; Keiflin and Janak, 2015; Kim et al., 2015; Kim et al., 2004; Schultz, 2007; Wise, 2004) . More than 10 years have passed since the discovery of experiencedependent plasticity onto DA neurons triggered by rewarding or aversive salient experiences (Dong et al., 2004; Saal et al., 2003; Ungless et al., 2001 ). However, whether synaptic plasticity on DA neurons is engaged in the process of remembering what is positive or negative for an organism is still unknown. In the current study, we focused on DA neuron synaptic plasticity, aiming at clarifying whether it plays a causal role in the establishment of aversive learning contingencies. With this question in mind, we performed a stress priming procedure to test the possibility that stress-induced synaptic plasticity within the ventral tegmental area (VTA) is capable of affecting the emotional weight of a subsequent aversive experience. Subsequently, in order to gain selective access to DA neuron synaptic plasticity, we purposely decided to use a ''bottom-up'' approach, by first genetically manipulating glutamatergic synaptic transmission onto DA neurons and then by interrogating the system at the behavioral level, to test for causality between synaptic plasticity and the occurrence of a specific aversive behavioral outcome.
RESULTS
Stress-Induced Synaptic Plasticity in the VTA Affects the Associative Strength of a Subsequent Fear Conditioning Several lines of evidence showed that a single stress exposure is capable of causing long-lasting neuroadaptive changes onto VTA dopamine neurons, suggesting that acute stressors can affect the responsivity of VTA dopamine neuron to future emotionally charged experiences (Lammel et al., 2011 (Lammel et al., , 2012 Saal et al., 2003) . In order to directly test the former possibility, we decided to use a modified version of the stress-enhanced fear conditioning paradigm (Perusini et al., 2016) . In stress-enhanced fear learning, mice were exposed to a stress priming procedure consisting of seven shocks (experimental group) or context exposure without shocks (control group) ( Figure 1A ). 24 hr after the stress priming procedure, mice were trained in a cue fear conditioning, a paradigm that uses the same stress modality of the stress priming. In particular, mice were placed in a testing chamber (context A), and after 2 min of acclimation period, they received a white noise, which co-terminated with a foot shock. After 24 hr, context-induced fear conditioning was measured by placing the animals back in context A for 5 min. 24 hr later, cued fear conditioning was evaluated by placing the animals in a different testing chamber (context B), and after 2 min of acclimation period, the same white noise used on the training day was continuously presented for 3 min. Interestingly, animals from the experimental group displayed increased freezing compared to the control group in both the context and cued fear conditioning tests ( Figures 1B-1D ). This experiment suggests that a stressful episode outlasts the actual duration of the event and can later on affect the formation and retention of memories linked to a subsequent aversive experience. With the goal to investigate the involvement of VTA synaptic plasticity in this paradigm, we bilaterally implanted cannulas above the VTA and let the animals recover from the surgical procedure for 14 days ( Figure 1A ; Figure S1 ). Subsequently, the animals were assigned to two experimental groups that received intra-VTA microinfusions of the competitive NMDA antagonist APV. One group was exposed to the concentration 0.25 mg/ 0.3 mL, while the second experimental group was exposed to 2.5 mg/0.3 mL concentration. For both groups, the treatment was delivered 30 min before the stress priming procedure. The control group received an equal volume of saline. After 24 hr from the stress priming, we performed the context-cued fear conditioning as described previously. Remarkably, we observed that animals that received VTA microinfusions of APV displayed a dose-dependent decrease in the amount of freezing during the context or cue exposure compared to saline group ( Figures 1E-1G) .
In a subsequent experiment, we explored whether the stress priming procedure was capable of affecting glutamatergic synaptic strength onto putative VTA DA neurons. Thereby, 30 min prior to the stress priming paradigm, we infused either the concentration of APV that showed the strongest behavioral effect (2.5 mg/0.3 mL) or saline within the VTA. 24 hr after the procedure, slices containing the VTA were prepared and whole-cell recordings were obtained from putative VTA DA neurons. To assess synaptic strength, we calculated the ratio (AMPAR/ NMDAR ratio) of AMPA receptor-mediated synaptic currents (AMPAR EPSCs) to NMDA receptor-mediated synaptic currents (NMDAR EPSCs) from both experimental conditions. Interestingly, animals that received intra-VTA saline infusion prior to stress priming displayed a larger AMPAR/NMDAR ratio compared to the group of animals that receive intra-VTA APV infusion ( Figure 1H ). These results suggest that synaptic changes in AMPAR-mediated synaptic transmission due to the acute stress priming effect required the activation of NMDARs and that the occurrence of synaptic plasticity within the VTA is fundamental for shaping emotional responses to an aversive learned experience. We then decided to investigate the relevance of synaptic plasticity selectively onto DA neurons, which is not allowed by means of pharmacological intervention. To this purpose, to selectively gain access to DA neuron synaptic plasticity and determine whether AMPAR trafficking onto DA cells is critical for the occurrence of specific emotional learned associations, we used a genetic approach to inactivate the plasticity-related protein Thorase within dopamine transporter (DAT + ) neurons.
Generation of a Conditional Thorase Knockout Mouse
The ATPase Thorase belongs to an AAA + ATPase family that is implicated in chaperone functions, such as protein transport and assembly or disassembly of protein complexes (Ogura and Wilkinson, 2001; White and Lauring, 2007; Zhang et al., 2011) . Specifically, the ATPase activity of Thorase is required for the disassembly of AMPAR/GRIP1 complexes and promoting AMPAR endocytosis (Zhang et al., 2011) . Therefore, Thorase is a critical player in the regulation of AMPAR surface expression and represents a unique molecular tool for AMPAR regulation (Prendergast et al., 2014; Zhang et al., 2011) .
In an effort to specifically delete Thorase protein from DA neurons, we took advantage of cre-lox recombination, a site-specific recombinase technology. Genomic manipulation of Thorase from DA neurons was achieved by breeding DAT IREScre/wt animals with conditional Thorase flox mice, generated by flanking the exons containing the ATPase domains of Thorase with loxP sites (Zhang et al., 2011 Figures 2B and 3D ). Through the quantification of the tyrosine hydroxylase (TH)-stained cells that expressed Thorase, immunohistochemistry revealed that Thorase is significantly decreased in the cKO brain sections (substantia nigra pars compacta [SNpc] : 21.6% ± 5.7% and VTA: 22.8% ± 4.1%) compared to cHet (SNpc: 93.6% ± 6.2% and VTA: 94.2% ± 4.9%) (Figures 2B and 2C) . In order to perform immunoblot analysis, we dissected approximately 800-1,000 TH-stained neurons from the SNpc and VTA per mouse by laser capture microdissection (LCM) ( Figures 3A and 3B ), which yielded a total of 500-600 ng of protein. Thorase protein levels were decreased by about 70% in cKO samples compared to cHet ( Figures 3C and 3D ). Immunoblotting and immunostaining were performed with a Thorase-specific C-terminal antibody.
Since Thorase plays a role in mitochondrial function (Chen et al., 2014) , we assessed whether deletion of Thorase in the DA neurons compromises mitochondrial function. Immunoblots on lysates from VTA and SNpc in both cKO and cHet animals suggested that there are no significant differences in the expression levels of mitochondrial proteins ( Figure S2 ). We also tested whether depletion of Thorase in the DA neurons compromises DA levels and its metabolites. Immunostaining of SNpc sections and quantification of TH-and Nissl-positive-stained DA neurons (Figures 2D and 2E) showed no significant differences in the number of dopaminergic neurons in cKO compared to cHet mice. In addition, there were no significant differences in the levels of DA and its metabolites in the cKO compared to cHet mice (Figures 2F and 2G) .
Conditional Deletion of Thorase from DA Neurons Results in an Increase in Surface AMPARs
Previous work demonstrated that the ATPase Thorase is able to regulate AMPAR internalization rate and affect NMDAR-dependent synaptic plasticity in hippocampal neurons (Zhang et al., 2011) . To delineate the role of Thorase in regulating AMPAR trafficking and plasticity in the context of DA neurons, we decided to assess the level of expression of AMPARs and NMDARs in THenriched neurons residing within the VTA and SNpc in both cKO and cHet animals. The levels of AMPAR subunits, GluR1-GluR4, and NR1, the obligatory subunit of NMDAR, were assessed in TH-stained neurons dissected from the SNpc and VTA by LCM. Samples were also treated with BS3 to assess the surface expression of proteins ( Figure 3C ). There were no significant differences in the total AMPAR subunits or NR1 levels. However, surface levels of AMPAR subunits GluR1, GluR2, and GluR4 were increased in cKO samples compared to cHet, but there were no significant differences in GluR3 surface levels. Interestingly, no significant differences were observed in AMPAR subunit composition between cKO and cHet samples ( Figure 3F ). Phosphorylation of GluR2 at Ser880 has been shown to modulate the synthesis, subunit composition, trafficking, and clustering of GluR2 and other AMPAR subunits (Famous et al., 2008; Fu et al., 2003; Wang et al., 2005) . To assess the AMPAR phosphorylation state, we probed the samples with an antibody specific for GluR2-pSer880. Although surface levels of GluR2-pSer880 were significantly increased in cKO samples ( Figure 3E ) compared to cHet, when the GluR2-pSer880 signals were normalized to GluR2 signals, no significant differences were observed in cKO samples compared to cHet ( Figure 3G ). These results suggest that Thorase activity in DA neurons is capable of regulating the surface expression of AMPAR without affecting the stoichiometry of AMPAR subunit composition.
Conditional Deletion of Thorase from DA Neurons Results in an Increase in AMPAR-Mediated Synaptic Transmission and No Effect on GABAergic Synaptic Transmission In order to explore the functional outcome of increased AMPAR surface expression caused by the loss of Thorase, we assessed glutamatergic synaptic transmission in VTA DA neurons by performing patch-clamp whole-cell recordings in acute slices from both cHet and cKO mice. First, we pharmacologically isolated spontaneous miniature excitatory postsynaptic currents (mEPSCs). Mean amplitude and frequency distribution of mEPSC quantal events were increased in Thorase cKO compared to cHet mice, as indicated by a shift in the cumulative probability distributions (Figures 4A and 4B) . Thus, the observed increase in amplitude of mEPSCs may be attributable to increased AMPAR function and/or number. An increase in frequency is generally interpreted as an enhancement of presynaptic function. To verify this possibility, we performed a pairedpulse stimulation experiment to test changes in glutamate release probability (p r ). Interestingly, there were no substantial changes in the paired-pulse ratio of evoked EPSCs between cKO and cHet groups ( Figure 4I ). Thus, this finding argues against a direct effect on presynaptic glutamate release. Additionally, we performed analysis of changes in AMPAR kinetics by measuring rise and decay time of the mEPSCs. Both parameters did not differ between groups, suggesting that the overall composition of AMPA receptors did not vary between cHet and cKO (Figures 4C and 4D) . Therefore, the genetic ablation of Thorase from VTA DA neurons is capable of increasing AMPAR function and/or number, without affecting the relative subunit composition. It is interesting to note that while Thorase deletion within VTA DA neurons affects both amplitudes and frequencies of mEPSCs, in CA1 hippocampal pyramidal cells, it affects only mEPSC amplitudes (Zhang et al., 2011) . Among the possibilities that could explain this discrepancy, we suggest that Thorase might differentially affect, by virtue of its control over AMPAR recycling rate, the number, morphology, or even function of individual dendritic spines depending on the nature of the cell in which the protein operates. Moreover, Thorase might exert different roles in the regulation of homeostatic plasticity mechanisms (Turrigiano, 2008) .
To determine target specificity of Thorase in respect to finetuning synaptic transmission in VTA DA neurons, we quantified GABAergic synaptic transmission in both cHet and cKO mice by recording miniature inhibitory postsynaptic currents (mIPSCs) from VTA DA neurons. We detected no significant changes in the amplitude, frequency, or biophysical properties of mIPSCs ( Figures 4E-4H ). Moreover, paired-pulse ratio of evoked IPSCs was also unaffected by Thorase deletion ( Figure 4J ). Thus, genetic deletion of Thorase from VTA DA neurons favors excitatory glutamatergic synaptic transmission, leaving inhibitory GABAergic synaptic transmission unaffected. The fine-tuning between excitatory and inhibitory synaptic conductances plays a critical role in regulating neuronal output. This consideration guided us to look for the possibility of a functional shift in the relative strength between synaptic excitation and inhibition. To directly test this possibility, we pharmacologically isolated both excitatory (AMPAR-mediated) and inhibitory (GABAR-mediated) synaptic transmission, and we calculated the relative ratio of excitatory/inhibitory transmission from VTA DA neurons in a within-subject design experiment ( Figure 4K ). Having the NMDA receptor antagonist APV present throughout the experiment, we evoked AMPAR-mediated currents at a holding potential of À70 mV and subsequently depolarized the cell at the reversal potential for AMPAR-mediated synaptic transmission (0 mV) while blocking AMPARs with DNQX, thus isolating a residual monosynaptic current mediated by GABA receptors. The excitation/inhibition ratio calculated was significantly enhanced in the cKO mice compared to the controls (Figure 4L ). Taken together, these results suggest that deleting Thorase from DA neurons shifts the balance between excitation and inhibition synaptic transmission in favor of excitatory synaptic transmission.
Thorase Has a Specific Role in Regulating AMPA Receptor Trafficking To determine whether the presence of Thorase in DA neurons plays fundamental roles other than regulating AMPA receptor recycling rate, we decided to evaluate additional aspects of intrinsic excitability of DA neurons. We measured the firing pattern of VTA DA neurons, and there were no significant differences in resting membrane potential and capacitance or in the firing rate of VTA DA neurons at resting state and under sustained depolarizing currents from cHet and cKO mice ( Figure S3 ). We further characterized intrinsic excitability by analyzing the hyperpolarization-activated current (I h ), the after hyperpolarization (AHP) that follows spontaneous action potentials, potassium conductance, and SK-type potassium channels. Interestingly, none of the recordings were statistically significant between the two cohorts ( Figure S4 ).
To further understand whether the absence of Thorase contributed to the glutamatergic synaptic plasticity that we previously observed, we monitored the input-output relationship at various stimulus intensities. AMPAR EPSCs were significantly larger in the cKO mice at each stimulus intensity ( Figure 5A ). Next, we decided to explore and compare the relative contribution of AMPARs and NMDARs to excitatory postsynaptic currents (EPSCs). Interestingly, we found a significant increase in the AMPAR/NMDAR ratio in VTA DA cells lacking Thorase (Figure 5B) . We further corroborated these findings by using a triple transgenic line expressing endogenous fluorescence (tdTomato) in DAT + neurons in the cHet and cKO conditions ( Figure S5 ). Figures 5E and 5F ). Taken together, these results suggest that Thorase in DA neurons exerts a specific role in regulating the distribution of AMPARs at synapses without affecting the composition or the synaptic incorporation of either NMDARs or other major ionic channels underlying intrinsic mechanisms of cellular excitability.
Loss of Thorase Impairs LTD and LTP at Glutamatergic Synapses onto DA Neurons Next, we investigated the repercussion of activity-dependent metaplastic changes caused by the increased AMPAR/NMDAR ratio due to deletion of Thorase. We studied the recycling-and activity-dependent endocytosis of AMPARs by measuring long-term depression (LTD). LTD in the VTA is thought to rely on the activity of voltage-gated Ca 2+ channels and results mainly from the internalization of AMPARs, leading to a decrease in postsynaptic AMPAR density. If Thorase plays an active role in regulating AMPAR trafficking at the membrane level, impaired induction and expression of LTD should occur with its loss. Consistent with this prediction, the ability of glutamatergic synapses to undergo LTD in DA neurons deficient of Thorase is severely compromised across several pairing protocols commonly used to induce maximal or saturated LTD ( Figures  6A and 6E) . Thus, DA neurons lacking Thorase are resistant to activity-dependent endocytosis of AMPARs, thereby suggesting that LTD expression in the VTA normally involves the removal of a pool of AMPARs that is likely to be regulated via a Thorase-regulated interaction. We then decided to investigate the ability of glutamatergic synapses to undergo long-term potentiation (LTP). LTP in the VTA depends upon NMDAR activation and is thought to involve synaptic incorporation of GluR2-lacking AMPARs (Argilli et al., 2008) . Here, we performed spike-timingdependent plasticity (STDP) LTP and found that the incidence of LTP was significantly reduced in the cKO mice ( Figures 6B  and 6E ). The lack of LTP within a set of synapses can be the result of an occlusion, due to the presence of synapses that are already potentiated, or a lack of specific signaling molecules required for the induction or expression of the phenomenon. Since LTP in the VTA relies on the exchange of AMPAR subunits, favoring GluR2-lacking AMPARs, we wondered whether the loss of LTP in DA neurons lacking Thorase was due to an inability of these cells to support a redistribution of AMPAR subunits. Therefore, we compared the synaptic contribution of GluR2-lacking and GluR2-containing receptors in both cHet and cKO at À70 mV, the holding potential for the LTP induction.
To this aim, we tested the sensitivity of EPSCs to bath application of NASPM (10 min, 100 mM), a selective blocker of calcium-permeable GluR2-lacking AMPARs. The size of residual AMPAR EPSCs after bath application of NASPM showed similar results for both groups ( Figure 6C ), suggesting that the overall synaptic contribution of GluR2-lacking AMPARs is similar between the genotypes. We then further tested whether the presence of elevated synaptic levels of GluR2-lacking AMPARs is a requirement for the expression of LTP (Argilli et al., 2008) . As shown before, we were able to fully revert the expression of STDP LTP to baseline levels via bath application of NASPM in the cHet mice. On the other hand, no appreciable effects were observed in the cKO mice, and LTP was absent ( Figure 6D ). These findings further corroborate the notion that the occurrence of STDP LTP is mediated by the insertion of GluR2-lacking AMPARs in VTA DA neurons. The aforementioned synaptic mechanism might explain why DA neurons with genetic inactivation of Thorase, presumably with a severe reduction in the internalization rate of surface AMPARs containing GluR2, fail to (further) induce LTP in the ex vivo preparation ( Figure 6F ).
Conditional Ablation of Thorase from DA Neurons Affects Associative Fear Learning without Affecting Fear Generalization
Several streams of evidence suggest the involvement of DA neurons in shaping emotional responses to stressful and aversive stimuli (Holly and Miczek, 2016; Pezze and Feldon, 2004 ). Indeed, acute or chronic systemic injections of dopaminergic agents can affect a variety of behavioral processes underlying fear learning, such as its formation, expression, and extinction (Pezze and Feldon, 2004) . Additionally, DA-deficient mice fail to learn fear conditioning, a behavioral condition that can be restored by viral-mediated rescue of DA synthesis within the VTA (Fadok et al., 2009 ). Moreover, animals exposed to threatening experiences display an increased AMPAR-mediated synaptic transmission or increased intrinsic excitability within VTA DA neurons (Chaudhury et al., 2013; Friedman et al., 2014; Krishnan et al., 2007; Lammel et al., 2011; Saal et al., 2003) . Interestingly, stressful experiences display memory-facilitating effects toward fear conditioning (Perusini et al., 2016) . Fear conditioning is based on a simple form of associative learning that allows subjects to learn that certain environmental stimuli, contextual and cue related, predict aversive events. We first showed that a chronic increase in AMPAR-mediated synaptic transmission within DA neurons is not sufficient to affect anxiety-related phenotypes or locomotor activity ( Figure S6 ). Next, to investigate whether AMPAR-mediated synaptic plasticity onto DA neurons plays a pivotal role in shaping and modulating different stages of fear learning, we decided to challenge cHet and cKO mice in a Pavlovian fear conditioning paradigm (Maren, 2001) . As previously mentioned, in this behavioral setting, animals are attributing, by virtue of associative learning, emotional value to an originally neutral cue or a context that will become predictive of an aversive experience at a later time point. We adopted the same procedure previously described in Figure 1 . Briefly, at day 1, mice were placed in testing chambers (context A) and received a white noise, which co-terminated with a foot shock. On day 2, contextinduced fear conditioning was measured by placing the animals back in context A. During day 3, cued fear conditioning was evaluated by exposing mice to the same white noise used on day 1 in context B. There was no significant difference in locomotor activity or freezing behavior in the conditioning chamber during the training period between the two groups ( Figure 7A ; Figures S7A-S7F ), suggesting that shock reactivity and sensitivity do not differ between the groups. However, when we performed contextual fear conditioning 24 hr later, cKO mice freezing was increased compared to that of cHet mice (Figure 7B) . Strikingly, these results are in line with the behavioral phenotype that we observed in mice trained with the stress priming procedure. Furthermore, as previously shown in our stress priming model, we also found that cKO animals showed significantly higher levels of freezing when exposed to the cue ( Figure 7C ). Interestingly, both genotypes that were trained only to the cue, without the effective pairing with the shock, displayed the same amount of freezing in both context A and context B (Figures S7G-S7L) . These results suggest that the perception, and potentially the associative strength, of the cue itself did not differ between the two groups. Likewise, the reaction to the shock, which was evaluated by means of shock reactivity, was not changed.
In order to further characterize whether fear conditioning may have caused neuroadaptations within VTA DA cells, we performed patch-clamping experiments and assessed AMPAR/ NMDAR ratio 24 hr after cHet and cKO mice were exposed to the context and the cue with or without the pairing with an aversive foot shock. cHet mice exposed to a cue-foot shock pairing displayed a larger AMPAR/NMDAR ratio compared to cHet that receive only the contextual cue presentation. Conversely, cKO mice displayed a similar AMPAR/NMDA ratio in both conditions, suggesting that an unpleasant learned experience is not capable of potentiating an already ''occluded'' synaptic strength (Figure 7D) . The latter condition suggests that the presence of ab initio plasticity within VTA DA neurons favors the acquisition of aversive associative learning, like the one observed in the stress-enhanced fear learning.
Next, we investigated potential mechanisms of fear generalization, a condition that has been described in animals lacking NMDAR-mediated synaptic plasticity in DA neurons (Zweifel et al., 2011) . Fear generalization refers to a process by which fear memories, and the concurrent fear responses acquired to a particular stimulus (context and cue), transfer to another stimulus. In order to test this possibility, we pre-exposed both groups to an open field and an elevated plus maze (EPM) test and then tested in the context and cued fear conditioning paradigm ( Figures S7I-S7K , related to Figure 7 ). 24 hr after the last day of fear conditioning, we re-exposed the animals to the open field and elevated plus maze. Interestingly, both groups behaved similarly ( Figure 6K ). Thus, both genotypes are able to allocate emotional memories and express fear responses to an environmental setting in which the learning paradigm had taken place.
Thorase-Mediated Synaptic Plasticity in DA Neurons Affects Higher-Order Pavlovian Fear Conditioning
In order to specifically disentangle the mechanisms involved in emotional associations from sensory information, we trained the animals in a second-order fear conditioning paradigm (Figures 7E-7H ). This task consisted of three phases. During the first-order conditioning, a cue (CS1) (white noise) was paired with an unconditioned stimulus (US) (foot shock). During the second stage, CS1 was paired with a second conditioned stimulus (CS2) (cue light). With repeated CS2-CS1 pairings, CS2 acquires fear-inducing properties (Helmstetter and Fanselow, 1989; LeDoux, 1999a, 1999b) . During the third phase of the experiment, mice were exposed to CS2, and acquired conditioned responses were evaluated. Using this experimental paradigm, we found that cKO mice displayed a greater conditioned response to the CS2 during the test phase ( Figure 7H ). Together, these findings suggest that cKO mice are more sensitive to establish fear emotional responses.
Cell-type-Specific Rescue of Synaptic and Behavioral Deficits by Viral Restoration of Thorase
To investigate the specificity of our genetic manipulation, we developed a viral rescue strategy that allowed for conditional re-expression of Thorase in a cell-type-specific manner. An adeno-associated viral vector (AAV1) containing eGFP-tagged ATAD1 cDNA cassette with a loxP-flanked stop codon (AAV1-CAG-DIO-Thorase-eGFP) was generated (see Supplemental Experimental Procedures for details). AAV1-CAG-DIO-Thorase-eGFP was injected into the VTA/SNpc of Thorase DA KO to restore Thorase function into DA neurons. Instead, control mice were injected with AAV1-CAG-DIO-eGFP ( Figures 8A and  8B) . Histological analyses revealed a high degree and comparable expression of eGFP signal within tyrosine hydroxylase-positive neurons of the VTA/SNpc in both experimental conditions (eGFP/TH: 88.96 ± 1.212, n = 4; Thorase-eGFP/TH: 82.21 ± 6.170, n = 4; two-tailed Student's t test: p > 0.05). To confirm rescue of Thorase-mediated function, we performed an extensive characterization of the main aspects of intrinsic excitability and showed no substantial differences across groups ( Figure 8C ; Figure S8 ). Furthermore, eGFP-transfected DA neurons (control group) displayed a greater amplitude of AMPAR/NMDAR ratio compared to the ones that were transfected with the ThoraseeGFP virus ( Figure 8D ). No change in the decay time of NMDAmediated currents was detected ( Figure 8E ). Paired-pulse ratio experiments did not show any statistically significant difference within several interstimulus intervals across groups ( Figure 8F ). The analysis of mEPSC amplitude and frequency showed larger and more frequent mEPSCs from the eGFP cohort compared to the Thorase-eGFP group, and no differences on the biophysical properties of the events were observed (Figures 8G-8J ). To understand whether rescuing Thorase in DA neurons impacted aversive conditioning, we found that rescuing Thorase in DA neurons led to a decrease in freezing responses in both context and cue fear conditioning compared to control AAV-expressing eGFP mice (Figures 8K-8M ). These results demonstrate that reintroducing Thorase back to DA neurons is able to reverse both electrophysiological and behavioral features originally observed in Thorase cKO mice.
DISCUSSION
While many studies assessed the immediate perturbation on VTA DA neuron activity caused by acute stress (Jennings et al., 2013; Kim et al., 2016; Lerner et al., 2015; Tan et al., 2012) , we focused on the neuroplastic adaptations that outlast the duration of acute aversive stimuli. Specifically, we investigated whether stress-induced synaptic plasticity onto DA neurons can affect, later on, enduring memories linked to aversive experiences. We showed that pharmacological blockade of NMDARs within the VTA dose-dependently reduced the ability of stress priming to enhance learning to a subsequent cue and context fear conditioning paradigm and lowered the AMPAR/NMDAR ratio observed onto VTA DA neurons after the stress priming procedure compared to the saline treatment.
We then decided to investigate the relevance of synaptic plasticity selectively onto DA neurons by gaining access to DA neurons and affecting synaptic plasticity by genetically inactivating the plasticity-related protein Thorase within DAT + neurons.
We have shown that DAT + cells lacking Thorase displayed impaired induction and expression of LTD and LTP. As mentioned before, these two forms of synaptic plasticity have been described in DA neurons (Bonci and Malenka, 1999; Overton et al., 1999; Thomas et al., 2000) , with LTP onto DA neurons being observed ex vivo in both rats and mice previously exposed to appetitive conditioning, drugs of abuse, stress, or painful stimuli (Chen et al., 2008; Lammel et al., 2011; Saal et al., 2003; Stuber et al., 2008; Ungless et al., 2001) .
However, whether AMPAR-mediated synaptic plasticity occurring on DA neurons directly affects aversive behavior, or whether DA synaptic plasticity plays a role in the attribution of attention or cognition or in selecting the proper orienting behavioral responses to promote adaptive responses, is still a matter of debate (Chaudhury et al., 2013; Friedman et al., 2014; Krishnan et al., 2007; Lammel et al., 2012; Lerner et al., 2015; Shohamy and Adcock, 2010; Tye et al., 2013; Carlezon and Nestler, 2002; L€ uscher and Malenka, 2011; Pignatelli and Bonci, 2015) .
Therefore, we next investigated whether Thorase-mediated synaptic plasticity in DAT + neurons was capable of affecting emotional learning, as well as attribution of emotional value to aversive experiences. For this reason, we exposed mice to a first-order Pavlovian fear conditioning paradigm, which requires intact DA transmission (Darvas et al., 2011; Fadok et al., 2009 Fadok et al., , 2010 . To our surprise, animals lacking Thorase in DAT + neurons display a higher propensity to learn fear-associated responses both to the context in which the aversive learning was taking place and to the cue itself. Additionally, cKO mice were able to properly allocate emotional value to the contextual environment and to the conditioned stimulus (CS) without generalizing either fear or anxiety.
Subsequently, we performed a second-order Pavlovian fear conditioning paradigm to isolate processes that are involved in emotional associations from sensory or motor information (Gewirtz and Davis, 1998) . In fact, second-order conditioning refers to a well-documented behavioral phenomenon where the cue is paired with a stimulus that has no intrinsic emotional value per se but that acquires fear-inducing properties during the training phase (Gewirtz and Davis, 2000) . Mice lacking Thorase from DAT + neurons showed a significantly greater second-order fear conditioning compared to their littermate controls. Notably, within the context of second-order fear conditioning, systemic treatment with the D2 agonist quinpirole or the inhibition of the mesoamygdala dopaminergic pathway are both capable of preventing the acquisition of the learned association LeDoux, 1999a, 1999b) . Thus, DA transmission appears to be also fundamental in facilitating the retrieval of an endogenous fear state (Borowski and Kokkinidis, 1996; Kwon et al., 2015; LeDoux, 1999a, 1999b) beyond just contributing to the strength of the original learned association (Coco et al., 1992; Iordanova, 2009 Iordanova, , 2010 Lamont and Kokkinidis, 1998) .
Additionally, viral restoration of Thorase within genetically identified DAT + neurons prevented both the synaptic and behavioral changes observed in the cKO mice. Taken together, our data suggest that the conditional deletion of Thorase and the consequential synaptic plasticity that we described within DAT + neurons predisposes mice toward enhanced acquisition of aversive motivational states. The notion that the presence of synaptic plasticity onto DAT + neurons primes and shapes behavioral responses to emotionally relevant environmental cues is of critical importance. In fact, synaptic plasticity onto DA neurons not only plays a permissive role during the early and late stages of drug addiction, but it can also contribute to promote relapse vulnerability induced by stress (Shaham et al., 2000; Sinha, 2008; Stelly et al., 2016) . Stress is a pivotal factor in the neurobiology of depression, a condition that shares high rates of co-morbidity with addiction (Paterson and Markou, 2007; Russo and Nestler, 2013; Wise, 2008) , and a persistent or an aberrant synaptic plasticity state within DA neurons can affect an individual's susceptibility or resilience to stress throughout life (Mantsch et al., 2016) . This is why our findings may be relevant toward the understanding of posttraumatic stress disorder (PTSD) pathophysiology (Desmedt et al., 2015) . In fact, several clinical studies have investigated and emphasized that PTSD arises from aberrant emotional learning mechanisms (Desmedt et al., 2015; Grillon et al., 1996; VanElzakker et al., 2014) . Traumatic experiences can be seen as an unconditioned stimulus and recurrent clinical symptoms as a conditioned response. Psychiatric conditions, such as PTSD, are chronic, invalidating, and relapsing disorders that are potentially the result of the loss of fear response extinction (Desmedt et al., 2015) . Moreover, the chronic nature of the condition leads to an aberrant rumination of trauma-related cues that over time may affect, by virtue of second-order conditioning, emotional aspects of future meaningful experiences that come to acquire some of the fearful properties of the original traumatic event (Brewin, 2011; Wessa and Flor, 2007) . Accordingly, our animal model displays a higher degree of behavioral responses when it comes to assigning motivational value to events that are intrinsically aversive or conditioned to be unpleasant. In summary, our results highlight a fundamental, novel role for synaptic plasticity within DAT + neurons in shaping adaptive responses to negatively charged emotional experiences. (Zhang et al., 2011) . Transgenic mice generation is described in Supplemental Experimental Procedures. All the analyses were performed on mice whose genotype was unknown to the experimenter. All procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the NIH and with the Johns Hopkins University Animal Care and Use Committee guidelines.
Laser Capture Microdissection
Approximately 800-1,000 TH-stained neurons were dissected from the SNpc and VTA per mouse by laser capture microdissection. Details of procedures are described in Supplemental Experimental Procedures.
Behavioral Assays
The tests performed were: elevated-plus maze, open field, and fear conditioning. Details of procedures for individual behavior tests are described in Supplemental Experimental Procedures.
Electrophysiology 250 mm horizontal sections were prepared in an NMDG-based solution.
Whole-cell recordings were performed in standard artificial cerebrospinal fluid (aCSF) at 30 C-32 C. Where indicated, lidocaine (500 mm), DNQX (10 mM), APV (50 mM), picrotoxin (100 mM), CdCl 2 (200 mM), and apamin (300 nM) were added. K-gluconate internal was used for recording action potentials and I h currents. EPSCs and IPSCs were recorded using CeMeSO 3 internal solution. Details of the procedures are described in Supplemental Experimental Procedures.
Drugs
All drugs were purchased from Sigma with the exception of APV and DNQX, which were purchased from AbCam, and NASPM, which was purchased from Tocris.
Immunostaining Immunostaining was performed as described in Supplemental Experimental Procedures.
Statistical Analysis
Data were analyzed with the following software: Clampex, MiniAnalysis, Ethovision, Video freeze, and Excel. Quantitative data are presented as the mean values ± SEM performed by GraphPad Prism 6 software (Instat, GraphPad Software). All comparisons relate test to control data from littermate animals collected during the same time period. Statistical significance was assessed by t test or two-way ANOVA. The significant differences were identified by post hoc analysis using the Tukey-Kramer post hoc method for multiple comparisons. Assessments were considered significant with a p < 0.05 and nonsignificant with a p > 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures and eight figures and can be found with this article online at http://dx.doi. org/10.1016/j.neuron.2016.12.030.
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